This study examines measures of the glottal airflow waveform, the electroglottographic signal (EGG), amplitude differences between peaks in the acoustic spectrum, and observations of the spectral energy content of the third formant (F3), in terms of how they relate to one another. Twenty females with normal voices served as subjects. Both group and individual data were studied. Measurements were made for the vowel in two speech tasks: strings of the syllable /pae/ and sustained phonation of /e/, which were produced at two levels of vocal effort: comfortable and loud voice. The main results were:
approximately twice as common in adult females as in adult males (Herrington-Hall, Lee, Stemple, Niemi, & McHone, 1988; Nagata et al., 1983) . Therefore, this study focused on female voices under conditions of comfortable and loud phonation.
Our previous elicitation material consisted of strings of repeated /pa/ syllables. In this study subjects also produced sustained phonation of /a/ vowels. The /pa/ syllables are used for inferred measures of the level of subglottal air pressure during the vowel (Rothenberg, 1973; Smitheran & Hixon, 1981; Lfqvist, Carlborg & Kitzing, 1982) . These inferred pressure values are then compared to acoustic and aerodynamic measures of voicing during the vowel. However, the // vowel from these syllables is too short for measurements of signal periodicity (cf. Hillenbrand, 1988) , such as amplitude and frequency perturbation. Vowels from syllable strings are also too short for excision and presentation as stimuli for potential use in perceptual tests to evaluate aspects of voice quality, such as "breathiness." Our intention, then, is to combine measures from the two speech tasks. However, because parameter values obtained for syllable repetition may differ from those obtained for sustained vowel phonation (Higgins & Saxman, 1993) , we examined relationships and differences between measures obtained from the two types of productions.
To date we have focused on glottal airflow parameters that were obtained from the inverse filtered oral airflow signal, and our acoustic analyses have included only the sound pressure level (SPL) and fundamental frequency (Fo). However, in using indirect methods to estimate laryngeal function, it is important to combine measures from different techniques and to determine how well the measures correspond with each other (cf. HertegArd & Gauffin, 1995) . Furthermore, the inverse filtering technique is not without problems, which may become especially significant in studies of large groups of subjects. In settings that are not oriented primarily toward research, such as in clinics where voice disorders are evaluated and treated, audio recordings and acoustic analyses may be easier to obtain than recordings and analyses of glottal air flow, and the necessary acoustic equipment is more readily available (i.e., many more "user friendly" products are commercially available for acoustic recording and analysis than there are for aerodynamic assessments). Therefore, in this study we added measures of the slope of the acoustic spectrum. One purpose was to determine if such acoustic measures could be used to supplement, or even substitute for, flow measures that are harder to obtain and/or are especially sensitive to technical difficulties.
One difficulty with our flow-based technique is assuring that there is a perfect seal between the subject's face and the transducer mask; such a seal is necessary to obtain reliable flow measures. Air leaks are difficult to detect during the recordings, and even small leaks have large effects on the amplitude-based flow data that include the DC flow component. Another difficulty is the occurrence of unsuccessful inverse filtering, which can result in formant residuals superimposed on the glottal waveform. Ripple, due to formant residuals, can cause unreliable time-based measurements, such as measurements of adduction quotient (closed time/time for the entire cycle). Therefore, to look for acoustic information to complement adduction quotient, we measured the amplitude difference between the two first harmonics (H1-H2), which reflects the degree to which the waveform tends towards a sinusodial shape (Klatt & Klatt, 1990) and should be indirectly related to the degree of glottal abduction.
An additional issue is raised by the low-pass filtering that is used in our inverse filtering algorithm (Perkell, Holmberg, & Hillman, 1991) . For female voices, low-pass filtering at 1100 Hz is used to avoid the effects of a resonance in the transducer face mask that occurs just above 1 kHz (Badin, HertegArd, & Karlsson, 1990) and to simplify the inverse filtering procedure. However, low-pass filtering has the undesirable effect of "rounding the corners" of waveform discontinuities, such as at the instance of vocal fold closure, the event that produces the main excitation of the vocal tract (Fant, 1979) . Therefore, a glottal waveform associated with high closing velocities and abrupt reduction of the air flow may be more affected by low-pass filtering than a waveform with low closing velocities and gradual reduction of the airflow stream. Abrupt reduction of the flow generates high frequency energy in the acoustic spectrum (Stevens, 1977) . Therefore, to look for information that reflects possible abrupt changes in the glottal waveform, we measured the spectral amplitude from the acoustic signal in the frequency region of the third formant (F3) (well above the flow low-pass frequency of 1100 Hz), as the difference in amplitudes between the fundamental (H1) and the highest spectral peak in the F3 region, and the difference in amplitudes between the highest spectral peaks in the first and third formants (F1 -F3).
Measures made from the acoustic spectrum may also assist in an objective evaluation of voice quality, because much of speech perception is based on auditory spectral analyses of the speech signal (Klatt & Klatt, 1990) . One prominent aspect of voice quality is degree of perceived "breathiness" (cf. Hammarberg, 1986) . A breathy voice is the result of incomplete vocal fold closure and increased subglottal coupling (Klatt & Klatt, 1990; S6dersten & Lindestad, 1990; S6dersten, Lindestad, & Hammarberg, 1991) . Reported spectral correlates of increased subglottal coupling are an increase of the relative amplitude of the fundamental (Bickley, 1982; Fant, 1979 Fant, , 1982 Hillenbrand, Cleveland, & Erickson, 1994; Huffman, 1987; Klatt & Klatt, 1990; Sundberg & Gauffin, 1979) and a widening of the first formant (F1) bandwidth with subsequent decrease of the F1 amplitude (Fant, 1979) . The acoustic spectra for breathy voices also have been found to display noise in the frequency region of F3 (Hillenbrand et al., 1994; Klatt & Klatt, 1990) and reduced amplitudes of the higher frequency harmonics (Klatt & Klatt, 1990 ) with a steeper overall downward spectral slope (Klich, 1982; Stevens, 1977) . Klatt and Klatt (1990) showed a strong relationship between perceived breathiness and the amplitude difference between the two first harmonics of the acoustic spectrum (H1-H2; cf. Bickley, 1982) . Thus, this study also examines relationships between the measures of spectral amplitude (H1-H2, H1-F1, H1-F3, and F1-F3) and glottal airflow waveform measures, as well as their relationship to SPL in two levels of vocal effort. In addition, observations were made of the spectral content of the third formant frequency region, in terms of the presence of noise versus harmonic energy. These observations are related to vocal effort as well as to aerodynamic and acoustic measures that should reflect degree of glottal aperture. For example, incomplete vocal fold closure should be reflected in decreased adduction quotient and possibly increased DC flow, and should result in reduced high frequency harmonic energy in combination with high frequency noise (Klatt & Klatt, 1990) .
Finally, we have also included measures obtained from an electroglottographic (EGG) signal. The literature has suggested that the EGG waveform contains a number of interesting features that could be useful in understanding the underlying vocal-fold vibration pattern (Childers, Hicks, Moore, Eskenazi, & Lalwani, 1990; Childers & Lee, 1991; Rothenberg & Mahshie, 1988) . We used the EGG waveform for deriving an adduction quotient in order to determine whether any useful information could be obtained from the EGG-based quotient that was not available from the analogous flow-based quotient.
Method
In this section, the methods are described briefly. More detailed descriptions of recording procedures, signal processing, data extraction, and analyses procedures are given in Perkell, Holmberg, and Hillman (1991) .
Subjects
Twenty females served as subjects. Subjects' ages ranged from 20 to 43 years, with an average of 27.5 years. All subjects were native speakers of American English, had no history of voice or hearing problems, and were nonsmokers. None had professional singing or speaking training.
Speech Material
Two different speech tasks were produced: (a) strings of five repetitions of the syllable /pa/ (paepaepaepaepae) at a rate of about 1.5 syllables per second, and (b) the vowel la/, sustained for 2-3 seconds. The two types of utterances were produced alternately three times each in two levels of vocal effort (henceforth called "loudness conditions"): "comfortable" and loud voice. Comfortable loudness was equal to the subject's preferred SPL during a short monologue, and loud voice was approximately 6 dB (1 dB) above the subject's comfortable level. Subjects produced the comfortable voice level first, followed by loud voice. Loudness levels were monitored by one of the experimenters, using an oscilloscope. The subjects were allowed to practice the tasks if needed, and none had any difficulty in performing the tasks.
Recording Procedures
The subject was seated in a sound-isolated booth. One experimenter monitored the subject in the booth. Outside the booth, the signals were recorded on a tape with a data recorder (TEAK RD-111T PCM) and were monitored on a multichannel oscilloscope by a second experimenter. Recordings were made of oral airflow, intraoral air pressure, sound pressure, and EGG.
Oral airflow. Oral airflow was transduced with a "Rothenberg mask," which is a high time-resolution pneumotachograph (Glottal Enterprises- Rothenberg, 1973 Rothenberg, , 1977 with a flat frequency response up to 1 kHz (Badin, Hertegard, & Karlsson, 1990) . It consists of a circumferentially vented face mask, with the venting holes covered with resistive wire mesh. The pneumotachograph was hand-held by the experimenter as tightly as possible against the subject's face, taking care to assure a tight seal between face and mask (while not interfering with utterance production). At the time of the recording, the flow signal was low-pass filtered at 1100 Hz, using a linear phase (eight-pole Bessel) filter, in order to eliminate the resonant effects of the vocal tract above the first formant and the transducer mask. A zero flow level was recorded before each syllable string as a measurement reference, in order to minimize errors due to potential drift in the flow transducer system. During the recording of this "zero flow," the mask was held still on a stationary surface.
Calibration signals for flow were recorded for each subject and individual face mask combination. For DC airflow calibration, a series of six DC levels was generated, using an air tank as the airflow source and a rotometer to monitor the flow levels. A mask mold was used to couple the flow source to the face mask (Glottal Enterprises).
Intraoral air pressure. Intraoral air pressure was transduced using a thin, short catheter, which was passed through a fitting in the face mask. One end of the catheter was passed between the subject's lips into the oral cavity to an approximate location just behind the incisors, and the other end was connected to a differential pressure transducer (Glottal Enterprises) with a flat frequency response up to about 30 Hz.
Calibration of air pressure was performed once for each recording session. A series of six pressure levels, from 0 to 24 cm H 2 0, was produced with a pressure source (syringe) and monitored with a U-tube water manometer.
Sound pressure. Sound pressure was transduced using a small electret microphone (Sony model ECM 50) that was attached to the handle of the pneumotachograph at a fixed, reproducible distance of 15 cm from the subject's lips.
A calibration signal for the sound pressure level (SPL) was recorded for each subject. The signal was produced by means of a buzzer, manufactured for use as an artificial larynx. The buzzer was held above the microphone, which was attached to the pneumotachograph as during the recordings. The SPL value was read off at the microphone, using a sound level meter (on a linear scale, 400-msec averaging time).
EGG. An electroglottographic (EGG) signal was recorded using a laryngograph (Glottal Enterprises). A DBX automatic gain circuit and a linear phase high-pass filter with a cutoff frequency of 20 Hz (Glottal Enterprises, LP-HP 2) were used to normalize the signal amplitude and eliminate the effects of gross larynx movements. At the time of the recording, the EGG signal was low-pass filtered at 1710 Hz using a linear phase (eight-pole Bessel) filter.
Data Processing and Analyses
The recorded oral airflow, oral air pressure, speech, and EGG signals were digitized simultaneously, after which they were demultiplexed and processed further in software (Perkell et al., 1991) . At the time of the digitizing, air pressure and a copy of the speech signal (passed through an RMS circuit) were low-pass filtered at 80 Hz (10th-order Butterworth filter) and sampled at 312.5 samples per second (sps) to yield "slowly varying" signals (with respect to the duration of individual glottal cycles). These signals were used for indirect measurements of average transglottal air pressure and SPL.
The oral airflow signal was low-pass filtered (as during the recording) at 1100 Hz. (Low-pass filtering a second time further helped to eliminate the effects of resonances above F1.) The signal was digitized at 10 kHz and used for inverse filtering of the first formant to obtain a glottal airflow waveform. A single zero-pair was used as the antiresonance for the inverse filtering. The center frequency was determined for each token using spectra from linear prediction coding (LPC) and discrete Fourier transformation (DFT) (51.2 msec window) of the flow signal. A number of measurements (described below) were obtained from the glottal airflow waveform.
A second copy of the speech signal, low-pass filtered at 4.5 kHz and sampled at 10 kHz, was used for acoustic spectral analyses. Amplitude differences between peaks on the spectral slope (described below) were obtained from the acoustic spectrum.
The EGG signal was (again) low-pass filtered at 1710 Hz at digitizing and sampled at 10 kHz. A measure of "adduction quotient" (closed time/T) was obtained from this signal (Colton, Brewer, & Rothenberg, 1985) .
Data Extraction and Obtained Measures
The data were extracted algorithmically with interactive monitoring, at a vowel midpoint location (Perkell et al., 1991) . Four sets of measures were extracted from the signals for the three productions of sustained // and the middle three syllables of each /pa/ string in each loudness condition (making three // tokens and nine /p/ tokens per loudness condition). The measures were chosen for their potential relevance to vocal loudness and voice quality (e.g., Fant, 1982; Klatt & Klatt, 1990; Sdersten, Lindestad, & Hammarberg, 1991; Sundberg & Gauffin, 1979) .
1. Estimates of average transglottal air pressure, (the driving force for phonation, cm H 2 0) were made for the vowel, interpolating from the levels during the occlusions for the voiceless stop consonants /p/ (Holmberg et al., 1988; L6fqvist, Carlborg, & Kitzing, 1982; Rothenberg, 1977; Smitheran & Hixon, 1981) . SPL was calculated from the RMS of the speech signal.
2. Glottal airflow waveform measurements (see Figure 1 ) were averaged over four consecutive cycles (for each token). Measurements were made of AC flow (the modulated portion of the flow, reflecting magnitude of vocal fold oscillation, I/sec), DC flow (the unmodulated flow, I/sec), and flowadduction quotient (closed time/T).
1 Maximum flow declination rate (an indirect measure of vocal fold closing velocity, I/sec 2 ) was extracted from the first derivative of the glottal airflow waveform. For calculation of adduction quotient, places where the flow level was 30% of the difference between peak and minimum flow were identified and used to define arbitrary times of "opening" and "closing" in the waveform (Colton, Brewer, & Rothenberg, 1985; Rothenberg, 1985) .2 Measurements at these levels were well above the portion of the signal that indicates vocal fold closure.
3. The EGG signal was used for extraction of a measure of adduction quotient (vocal fold contact time/T), which was measured at the 65% criterion from the same four cycles as for the glottal flow signal. Measurement at the (arbitrary) 65% level was determined to not interfere with the portion of the signal that indicates vocal fold closure. (See Figure 1.) 4. Amplitude differences (dB) were calculated from the acoustic spectra (see Figure 1 ): the amplitude difference between (a) the first two harmonics (H1-H2), 3 (b) the first harmonic and the peak harmonic in the first formant (H1-F1; Stevens & Hanson, 1995) , (c) the first harmonic and the spectral peak (harmonic or noise) of the third formant (H1-F3; Stevens & Hanson, 1995) , (d) the peak harmonic of the first formant and the spectral peak (harmonic or noise) of the third formant (F1-F3).
Qualitative observations were made of the energy content in the frequency region of the third formant (F3). Three levels were used, according to which the spectrum in the F3 region consisted predominantly of (a) harmonics (cf. Figure 1 , top), (b) noise (cf. Figure 1, bottom) , or (c) a mixture of harmonic energy and noise. The mixed condition was used as a "wastebasket" for uncertain cases, to help in identifying the two extreme levels (i.e., to reduce ambiguity of judgments). Figure 1 shows examples of acoustic spectra and waveforms for [pae] for two different speakers. In both the top and bottom figures, the (A) spectra show the lower frequency region, used for calculation of the amplitude difference between the two first harmonics. The (B) spectra cover frequencies up to 4 kHz; they were used for the measurements of the spectral slope and observation of the F3 energy content (harmonics or noise), as mentioned above. The right portions of the figure show: the glottal airflow waveform (C), the first derivative (D), and the (inverted) EGG waveform (E) for the two speakers. The events for data extraction are indicated on the time waveforms by cross-marks (+).
1 We focused on adduction quotient rather than the complementary abduction quotient because we use our normal data in studies of vocal hyperfunction and relate the results to a theoretical model of different modes of vocal fold closure in patients with vocal hyperfunction . 2 Previously we used 25% (flow) and 75% (EGG) criteria to obtain measures of adduction quotients (Perkell et al., 1991) . The criteria were changed to 30% (flow) and 65% (EGG), because these levels were less affected by waveform irregularities. where AH1 is the amplitude of the first harmonic, AH2 is the amplitude of the second harmonic, FrH1 is the frequency of the first harmonic, FrH2 is the frequency of the second harmonic, FrF1 is the frequency of the first formant. ) shows signals for a speaker with predominantly noise in the F3 region. In spectrum A (top and bottom) the first two harmonics are indicated. In spectrum B (top) the peak harmonics of F1 and F3 are indicated. In spectrum B (bottom) the peak harmonic of F1 and peak noise energy in F3 are indicated. On the glottal airflow and EGG waveforms, the events for extraction of the adduction quotients are indicated. On the first derivative, the maximum negative peak was used for extraction of maximum flow declination rate.
Statistical Analyses
Analysis of covariance, with SPL as the covariate, was performed for each variable to examine the extent to which differences between /pae/ and /a:/ were related to differences in SPL (Holmberg et al., 1994a) . A significance level of p = < 0.005 was used for each test, on the basis of the Bonferroni correction for multiple univariate comparisons for an overall significance level of p < 0.05 (0.05/10 variables = 0.005).
Analysis of variance was performed to examine the extent to which the parameters differed between tokens for which the energy in the F3 region consisted of harmonics and those that consisted predominantly of noise. In the interest of not overinterpreting results from these subjectively based judgments of the spectrum, a conservative level of p = < 0.001 was used for each test, on the basis of the Bonferroni correction for multiple univariate comparisons for an overall significance level of p < 0.01 (0.01/11 variables = 0.001).
Pearson product moment correlation coefficients (p < 0.05) were calculated to examine pairwise linear relationships between parameters. Scatterplots were examined to assure that the results were not determined by outliers and that the data were distributed across scales of measurements (i.e., there was no grouping of values at the extreme ends of scales). The aerodynamic measures, were log,, transformed for correlations with acoustic parameters that were measured in dB (because dB is a log 1 0 transformation of sound pressure). Correlations were calculated for tokens across loudness conditions and within each loudness condition for the group of subjects and for each individual subject.
The correlations were calculated in order to examine linear relationships between (a) measures obtained for the vowel in strings of the syllable /pe/ and sustained phonation of /a:/, (b) two different measures of an "adduction quotient"-one obtained from the glottal flow waveform and the other from the EGG signal, and (c) selected parameter pairs that should be related to degree of glottal aperture. Calculations for (b) and (c) were made for data pooled across /a/ and /pse/.
Results
Comparisons between measures of the vowel in syllable repetitions and sustained phonation. Group means and standard deviations of measures for the vowel from strings of repeated /pa/ syllables and sustained phonation of // in comfortable and loud voice are presented in the Appendix.
SPL was higher for the vowel in the syllable strings than in the sustained phonation. Previous studies have shown strong relationships between SPL and several of the measures utilized in this study (Holmberg et al., 1988 (Holmberg et al., , 1994a . Therefore analysis of covariance (ANACOVA, p < 0.05, Bonferroni corrections, p = 0.005) with SPL as the covariate was performed to examine the extent to which differences between /a/ and /pe/ were related to the difference in SPL. Table 1 presents the results. As seen in the table, there were no significant differences in parameters for the vowel in repeated /pe/ syllables versus sustained /d/ phonation after adjustment for SPL.
Comparisons between adduction quotients obtained from the glottal flow waveform and the EGG waveform. Usable EGG signals could be obtained for only 17 of the 20 speakers. Pearson product moment correlations were performed between adduction quotients (pooled over /e/ and /pae/ tokens) obtained from the glottal flow and EGG signals. The relationship between the quotients was relatively weak. Across comfortable and loud voice, only 32% of the variance in one adduction quotient could be accounted for by variation in the other (r = 0.57, p < 0.001). Examining each loudness condition, the relationship between the quotients was stronger in loud voice (r = 0.59, p < 0.001) than in comfortable voice (r = 0.47, p < 0.001). This was most likely due to the fact that the EGG signals were often stronger and less noisy in loud voice.
Glottal airflow and slope of the acoustic spectrum. Pearson product moment correlations were performed on pairs of parameters from the following groups: (a) spectral measures related to subglottal coupling (Stevens, 1977) and vocal intensity (Fant, 1977 (Fant, , 1982 (the measures were H1-H2, H1-F1, H1-F3, and F1-F3); (b) logio transformations of glottal airflow and EGG waveform measures that reflect glottal aperture and vocal fold contact, that is, adduction quotient and DC flow; and (c) SPL. Correlations were performed across comfortable and loud voice for /pa/ and /ae/ tokens pooled together. Correlations that included H1-F3 and F1-F3 were calculated in three different ways, dependent on the content of the spectral energy in the F3 region: (a) separately for tokens with predominantly harmonic energy in F3, (b) separately for tokens with predominantly noise in F3, and (c) pooled across tokens with F3 harmonics, The glottal airflow measures are AC flow (ACFL, I/sec), flow-adduction quotient (AQ-F, closed t/T), EGG-adduction quotient (closed t/T, AQ-E), DC flow (DCFL, I/sec), and MFDR (maximum flow declination rate, I/sec/sec). The acoustic measures are the amplitude differences between the first and the second harmonics (H1 -H2, dB), the first harmonic and peak F1 (H1-F1, dB), and the first harmonic and peak F3 (H1-F3, dB). Bonferroni corrections: p = 0.005, N = 20 (AQ-E: N = 17). 
Note:
The acoustic measures are the amplitude differences between the first and the second harmonics (H1-H2, dB), the first harmonic and peak F1 (H1-Fl, dB), the first harmonic and peak F3 (H1-F3, dB), and SPL ( noise, and mixed harmonics and noise. The results are presented in Table 2 . H1-H2 should reflect the degree to which the glottal waveform has a sinusodial shape and, inversively, the degree of glottal adduction. As seen in Table 2 , the strongest group-based relationships were between (a) flow-adduction quotient, measured at a 30% criterion, and H1-H2 (r = -0.69); and (b) flow-adduction quotient and SPL (r = 0.69). The other relationships were weak. In a previous study (Holmberg et al., 1994a) differences were found between group and individual data in terms of strength of relationships between such measures. Therefore, in this study, in addition to the group data, the relationships between acoustic spectral measures and glottal waveform measures were examined for each individual speaker as well. Table 3 is based on Pearson product moment correlation analyses, performed for each individual subject, pooled over /pae/ and // tokens across comfortable and loud voice for the same parameters as presented in Table 2 . 4 The numbers in the table are simple tallies of the number of speakers for whom relationships between the spectral measures and (log,, transformed) glottal waveform measures were relatively strong (r > 0.70, i.e., 49% or more of the variation in one measure was accounted for by variation in the other).
As seen in Table 3 , a majority of the individual speakers show strong relationships between flow-adduction quotient and the acoustic spectral measures with the exception of F1-F3 (i.e., with ratios that included the amplitude of the fundamental, but not with the ratio of only the higher spectral peaks).
Relationships between F3 spectral energy content and loudness condition. In order to examine the relation-TABLE 3. Pearson product moment correlations for individual subjects. Number of speakers for whom relationships between the acoustic spectral slope, SPL, and log,, transformations of selected glottal airflow waveform measures were relatively strong (r > 0.70).
LAQ-F LAQ-E LDCFL SPL
The table is based on Pearson product moment correlation analyses performed for each individual subject for /e/ and /pae/ tokens pooled together across comfortable and loud voice. The acoustic measures are the amplitude differences between the first and the second harmonics (H1-H2, dB), the first harmonic and peak F1 (H1-F1, dB), the first harmonic and peak F3 (H1-F3, dB), and SPL ( ships between F3 spectral content and loudness condition (comfortable and loud voice) simple counts were made of the number of tokens with F3 harmonic energy, tokens with F3 noise, and tokens with mixed noise and harmonic F3 energy in comfortable and loud voice respectively. The results are shown in Table 4 . As seen in Table 4 , most tokens (122) in comfortable voice displayed a mix of harmonic energy and noise in the F3 region, followed by tokens with predominantly F3 noise (84). Few tokens (34) displayed predominantly F3 harmonic energy in comfortable voice. In contrast, most tokens (144) in loud voice displayed harmonic F3 energy, followed by tokens with a mix of F3 harmonic energy and noise (68). Few tokens (28) in loud voice displayed F3 energy with predominantly noise.
Differences in acoustic and glottal waveform measures between tokens with F3 spectral energy and F3 noise. Analysis of variance was performed to study differences in acoustic and aerodynamic measures between tokens with F3 excited predominantly by harmonic energy and tokens with F3 excited predominantly by noise. The results showed significant differences between the harmonic and noise conditions for all measures. Tokens with predom- Note: Total number of tokens in each loudness condition = 240.
Number of speakers = 20.
inantly noise in the F3 region were associated with significantly lower SPL; larger amplitude differences between H1-H2, H1-F3, and F1-F3; smaller amplitude difference between Hi-F1; lower subglottal air pressure; smaller adduction quotients (flow and EGG); higher DC flow; lower AC flow; and lower MFDR.
Discussion

Repeated Syllables Versus Sustained Phonation
Our elicitation materials contained strings of /pe/ syllables, from which we measured inferred levels of subglottal air pressure, and sustained phonation of // vowels with longer duration, needed for future use as stimuli in listening experiments and signal periodicity measures. Our goal is to be able to generalize across the two speech tasks and to relate measurements of air pressure to perceptual judgments of voice quality, such as "breathy" and/or "strained" voice, in future studies.
SPL was higher for the //l in the syllable strings than in sustained // phonation. A possible explanation is that the time of data extraction (mid-vowel) was shortly after the initiation of the vocalization in the syllables, whereas data for the sustained phonation were extracted at a time well into the vowel. SPL was generally higher in the very beginning of the phonation of the sustained vowels, after which SPL stabilized, conceivably because of initial higher subglottal pressure. Previous studies have shown strong relationships between variation in SPL and several of these measures (Holmberg et al., 1988 (Holmberg et al., , 1994a , and in this study there were no significant parameter differences between /p/ and /e/ after covariation of SPL, which suggests that the differences were, to a large extent, related to the higher SPL for /pae/. The results suggest that it should be possible to make comparisons between values of inferred subglottal pressure measurements from syllable repetition and other measures, obtained from sustained vowel phonation, as long as the utterances have the same SPL or ad hoc adjustments are made for SPL differences.
Flow-and EGG-Adduction Quotients
The EGG waveform was used for deriving an "adduction quotient" (closed time/T) in order to determine whether any useful information can be obtained from the EGG-based quotient that is not available from the flow-based quotient. Initially, the literature suggested that the EGG waveform contained a number of interesting features and events that could be useful for a better understanding of the underlying vocal-fold vibration pattern (Childers et al., 1990; Childers & Lee, 1991; Childers, Naik, Larar, Krishnamurthy, & Moore, 1983; Rothenberg & Mahshie, 1988) . However, we seldom find such clear events in the EGG waveforms. In addition, we have experienced several difficulties in recording EGG (cf. Peterson, Verdolini-Marston, Barkmeier, & Hoffman, 1994) . For example, for some subjects, especially women, the signal is weak and noisy, and data have to be excluded. For other subjects, it is not possible to obtain an EGG signal at all (often because of obesity and/or short necks). Another difficulty is gross movements of larynx in change of vocal effort from comfortable to loud voice, which often causes intermittent disruptions of the signal.
The relationship between adduction quotients measured from the EGG and flow signals was relatively weak in the group data. To some extent this could have been due to noise in some of the signals. In examining relationships between the EGG-and flow-adduction quotients for each individual speaker, we found that the subjects fell into subgroups in terms of quality of the flow and EGG signals. For a majority of the speakers, there were problems with either or both of the signals, and the relationships between the two adduction quotients were weak. However, a few subjects displayed strong and noise-free EGG signals as well as successfully inverse filtered glottal waveforms, free of formant residuals. For those subjects the flow and EGG quotients were highly correlated (r > 0.85). These findings suggest that measurements of the EGG-and flow-adduction quotients at the 30% and 65% levels respectively were related. Because problems sometimes occur in obtaining data from both the glottal waveforms (formant residuals) and EGG signals (weak signals), simultaneous recordings of both signals can be useful, because quotients from clean samples from one signal can complement the other.
Measures of Glottal Aperture and Spectral Slope
A particular focus of this study was to examine the relationships between glottal airflow measures and measures of the acoustic spectral slope. As mentioned in the introduction, reliable amplitude-based flow measures that include the DC flow are not always easy to obtain because of potential mask leak, and measurements of adduction quotient can be affected by formant residuals that are due to unsuccessful inverse filtering. Therefore, we examined relationships between these flow and acoustic parameters that have been found to reflect glottal aperture, with the goal of cross-validating these measures. Figure 2 , from Stevens (1977, p. 273) , illustrates relationships among the glottal configuration, the air pulse, and the spectral slope for three different adjustments of adduction or abduction.
With reference to Figure 2 and work by Fant (1982) we formed the following hypotheses about relationships among underlying vocal physiology and the flow and acoustic parameters in our paradigm: Gradual closing movements of a somewhat abducted membranous portion of the vocal folds (cf. Figure 2 , column b) would result in relatively sinusodial glottal waveforms and small adduction quotients. The acoustic spectrum would be characterized by a first harmonic with relatively high amplitude, a steep overall spectral slope, an attenuated F1 peak amplitude (because of a relatively wide F1 bandwidth), and a relatively low SPL. Thus, we expected negative relationships between adduction quotient and H1-H2, adduction quotient and H1-F3, SPL and H1-H2, and SPL and H1-F3. A positive relationship was expected between adduction quotient and SPL.
As shown in Tables 2 and 3 , adduction quotient accounted for a relatively large percent of the variation in H1-H2 in both the group data (r = -0.69) and the individual data (r > 0.70 for 15 of the 20 speakers). These results suggest that measurements of adduction quotient at the 30% level criterion were sensitive enough to separate waveforms with gradual and abrupt closing. The results suggest that H1-H2 could be used as a substitute for adduction quotient in cases where reliable measurements from the glottal waveform are difficult to obtain because of unsuccessful inverse filtering. Ideally, high vocal fold closing velocities and abrupt reduction of the air flow should be reflected in glottal waveforms with sharp corners between the closing and closed portions (cf. Figure 2 , column c). However, a detrimental effect of low-pass filtering is a "rounding" of waveform discontinuities (corners), which could have an influence on waveforms resulting from high vocal fold closing velocities. Already rounded waveforms, which result from more gradual closing velocities (cf. Figure 2 , column b), would be less influenced by the low-pass filtering rounding effect. For such waveforms, the F3 is excited by noise. The findings of nonsignificant relationships between flow-adduction quotient and F1-F3 for tokens with F3 harmonic energy but significant relationship for tokens with noise in the F3 region (r = 0.42, p < 0.001) may indicate that the sharp corners in the glottal waveforms, resulting from abrupt vocal fold closing, were obscured by the low-pass filtering at 1100 Hz but were still reflected in the F1-F3 value.
These results suggest that the spectral measurement of F1-F3 may serve as a useful complement to the flow measurements, especially when there are high vocal fold closing velocities.
For most of the individual speakers there were strong (negative) relationships between flow-adduction quotient and H1-F1 and between flow-adduction quotient and SPL. These findings suggest that relatively gradual vocal fold closures resulted in an increased amplitude of the first harmonic, reduced amplitude of the first formant, and reduced SPL (cf. Fant, 1979) . The same relationships were found for H1-F3: Decreased adduction quotient resulted in a steeper spectral slope and decreased SPL (cf. Hillenbrand et al., 1994; Klatt & Klatt, 1990; Stevens, 1977) .
In normal phonation, DC flow in the glottal waveform has been assumed to reflect airflow that passes through a posterior glottal "chink" that is mostly between the arytenoids (i.e., the cartilagenous portion of the vocal folds). However, neither the relationship between underlying physiology and the DC flow (cf. Hertegard et al., 1992 Hertegard et al., , 1995 nor the acoustic effect of the DC flow is completely understood. A large chink would increase the subglottal coupling with reduced high frequency energy and reduced SPL. Therefore a positive relationship between DC flow and H1-F3 and a negative relationship between DC flow and SPL could be expected. As seen in Tables 2 and 3 , these relationships were weak or inconsistent. Neither of the acoustic measures varied systematically with DC flow.
It is reasonable to believe that there are physiological constraints at some extreme glottal configurations that would produce some covariation between chink size and parameters of flow through the membranous part of the vocal folds. Thus, a strong relationship between DC flow and the adduction quotient should be expected, at least among extreme cases of abduction and adduction. However, de-
38 1212-1223 December 1995 W scriptive observations of individual glottal waveforms showed both abrupt and gradual closing portions in combination with relatively high levels of DC flow, and the relationship between adduction quotient and DC flow was nonsignificant in the group data. For individual speaker data, the relationship was weak, inconsistent, or nonsignificant and did not indicate any readily observable systematic relationship between the chink and the abruptness of the membranous vocal fold closure. However, one factor that may limit the usefulness of our measure of DC flow in glottal waveforms and contribute to erroneous speaker variation is the difficulty of assuring a perfect seal between the subject's face and the flow transducer mask. For large enough leaks, the lowest parts of the glottal flow waveform signal can fall below the zero flow baseline, making the leak problem easily detectable. However, small DC leaks that would lower all flow amplitude measures except for AC flow can easily go undetected. Taking a somewhat conservative stance, one can never be quite certain that flow amplitude measurements that include DC flow do not include a DC leak and should have been higher than measured. Therefore, DC flow data must be interpreted with caution (cf. Holmberg et al., 1988; 1994a , 1994b .
Conclusions
The following conclusions could be drawn from the results of this study:
Comparisons between measures obtained from the vowel in /pae/ syllables and those obtained from sustained phonation can be made as long as SPL differences are controlled for.
Strong relationships between flow-adduction quotient and H1-H2 for individual data suggest: (a) Adduction quotient, measured at a 30% level on the glottal waveform is sensitive enough to separate waveforms with gradual and abrupt closing portions in data for individual subjects. (b) Measurements of the amplitude difference between the two first harmonics (H1-H2) may be used as a substitute measure for flow-adduction quotient in cases of unsuccessful inverse filtering that make measurements of adduction quotient unreliable (e.g., formant residuals are superimposed on the glottal waveform).
Measurements of adduction quotient obtained from clean signals at a 30% level on the glottal airflow waveform and at 65% level on the EGG waveform were highly related. This finding suggests that (a) the 65% level should be a useful criterion for measurements of adduction quotient on the EGG signal, (b) the glottal flow and EGG signals may serve to complement one another, especially in cases of formant residuals on the glottal waveforms or weak and/or noisy EGG signals that would cause problems at data extraction.
Measurement of the amplitude difference between the spectral peaks of the first and third formants (F1-F3) reflected high vocal fold closing velocities that may have been obscured because of low-pass filtering at 1100 Hz. Thus, F1-F3 may serve as a useful complement to measurements of maximum flow declination rate, especially in voices with high closing vocal fold velocities.
The lack of any readily observable systematic relationship between DC flow (determined largely by the size of an arytenoid glottal "chink") and adduction quotient (reflecting the abruptness of the membranous vocal fold closure), in combination with the difficulty of assuring a tight seal between the subject's face and the mask, call for caution in interpretation of DC flow data. 74 
